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VISION

BE THE MODEL ACQUISITION PROGRAM FOR JOINT
SERVICE AND INTERNATIONAL COOPERATION

DEVELOP AND PRODUCE A FAMILY OF AFFORDABLE
MULTI-MISSION FIGHTER AIRCRAFT USING MATURED/
DEMONSTRATED 215STCENTURY TECHNOLOGY AND
SUSTAIN IT WORLDWIDE
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DoN: 680

Australia

USAF: Multi-role (primary air-to-ground) fighter to replace F-16 & A-10 & to complement F/A-22
USMC: Multi-role, short takeoff, vertical landing strike fighter to replace AV-8B & F/A-18C/D
USN:  Multi-role strike fighter to complement the F/A-18E/F

UK (RN and RAF): Supersonic replacement for Sea Harrier and GR-7

2,593 US/UK JSFs > 2,000 International JSFs
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What Is JSF?

The next generation “family” of
strike fighters

* F-16/F/A-18C “like” aero performance

» Stealth signature and
countermeasures

* Advanced avionics, data links and
adverse weather precision targeting

* Increased range with internal fuel and
weapons

* Highly supportable, state of the art
prognostics and health management

Lethal Survivable Supportable Affordable
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JSF Family Of Aircraft

One Program -- Three Variants
Meeting Service and International Needs

Larger Wing and
Horizontal Tail Area

Carrier Variant
(CV)

Conventional
Take-Off and
Landing

Probe and Drogue
Refueling (Basket)

S

In-Flight Refueling
Door (Boom)

Strengthened
Landing Gear
and Tailhook

Internal
25mm 4-Barrel
Gattling Gun

Centerline
Gun Pod
with 25mm Gun y

3-Bearing
Swivel Nozzle

Wingfold and
Ailerons Added

Short Take-Off and
Vertical Landing
(STOVL)

All variants
= 450-600 nm Range
= 1.6 Max Mach (Limit)
= Stealthy
= Same Weapons
= Similar Avionics
= Similar Flight Envelope
= Same Basic Engines

Probe and Drogue
Refueling (Basket)

Lift Fan
Roll Posts
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JSF Enables True Joint, Coalition

Domestic and.UK
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Joint Requirements

SURVIVABILITY:

LO RCS & IR Signature with Combat loads

Fused Multi-Spectral Situational Awareness

Real Time Mission Planning to Support Threat Avoidance
F-16 and F/A-18C “Like” Combat Maneuverability
Vulnerable Area Reduction

LETHALITY:

Extended Combat Radius
Advanced Multi-Spectral Target Detection Capability

Adverse Weather Capability

Combat ID at Tactically Significant Ranges Combat Efficiency
Suppression of Enemy Air Defenses Capability and Effectiveness
Autonomous Near Precision GPS Targeting Capability
First-Look - First-Shoot Air-to-Air Capability

SUPPORTABILITY:

Higher Surge and Sustained Sortie-Generation Rates (SGR)
Significantly Reduced Logistics Footprint

Very High Reliability—Reduced Maintenance

Highly Maintainable

omoOoZ>»r>»m
mOZ>E200TAOMT

JSF is a supportable, stealthy strike fighter designed to effectively and

affordably counter existing and emerging threats
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Joint Requirements

WEAPONS CARRIAGE

+ Nonpyrotechnic S&RE

+ Common Pylon Core

+ Easily Accessible for All Maintainer
Height and Reach Cases

+ Variant Optimized Gun Systems

« Variant Optimized AIM-9X Carriage

+ Deck/Ground Clearance Under All
Conditions

6 &

BL BL
20|4.5 167.5
Station No. 11 10 9 8 7 6 5 4 3 2 1
Store Type | AA. ANALAIS AIAAS AAAS AA AS AA AAANS AAANS AAANS AA
Weight Capacity | 300 2,500 5,000 2500 350 1,000 350 2500 5,000 2,500 300

(1,500) (1,500)

ACTIVE ELECTRONICALLY SCANNED ARRAY RADAR (AIR-TO-GROUND)

Med Resolution
SAR

Low Resolution
SAR

Ground Moving Target
Indicator GMTI
Slow/Fast Speed
Detection / Location
Accurate Map Overlay

High Resolution
SAR

~~~~~~ e

... g

s .

Provides Day & Night Adverse WX, Multi-Mission, Long Range Target
Detection and Classification Capability, and Near Precision Self-Targeting

Capability With Standard JDAM

DISTRIBUTED APERTURE SYSTEM (DAS)
Full Spherical Coverage

Al Defensive IRST
Targeting [ VS Threat Fighters

Passive Tracking of
Flight Members

PowerDOCS #76422
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INTEGRATED SENSOR SUITE

Radar Warning Receiver
[RWR

Airto-Air
Radar
Surface-to Air
and Airte-Air
Missile Launch
Detection

Precision Direction
'\ Finding

Threat Fighters (PDF}



*EO
Targeting

* Versatile
Weapons
Capability

* Cooperative Ops

* Full Off-Board Connectivity

GRS
S AH-
I

* All Around Situation * Passive Precision Emitter
Awareness Location and Targeting * Fused, Coherent Common

Operational Picture
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Envisioned Voice and Datalinks
Interoperability

Beyond Line of Sight

SATCOM

Joint Tactical Radio System (JTRS
Functionality
Joint Variable Message Format

ﬁ Datalink

Air Base

Over 120 Information Exchange Requirements to Ensure Interoperability

Across US and Coalition Forces

PowerDOCS #76422 DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited. 10



Auxiliary
Inlet

Shaft/Clutch
Power
Transfer

Roll Control Post

Vane Box Nozzle
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JSF Engine Interchangeability ‘%‘?;6//

7. _AST EYOND

/ Physically and Functionally Interchangeable \
+ Any Aircraft Able to Use Any Engine

Common JSF Autonomic Logistics System Interfaces

=¥ GE AIRCRAFT ENGINES/
ROLLS ROYCE F136

JSF Engines - - Common
Core for Aircraft Variants,
Competition in Production
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JSF Autonomic Logistics System

Highly Supportable Aircraft - Training System

® Smart / Reliable Design ¥ Integrated Training

B Prognostics and Health Management ® Embedded Pilot Training

B Remove and Replace (R/R) Maintenance ® On Demand

B On Condition Maintenance Maintenance Training

H Air Vehicle Software Reuse

) &

tonomic Logistics

S rt System
upport sy ormation System

B Sustaining Engineering
W 24/7 Help Desk
H Electronic Joint-Service Tech Data

M Distributed Information System
B Enterprise Resource Solution

B Intelligent Maintenance Management B Secure
B Global Supply Chain Insight B Scalable
B Support Equipment Management ® Deployable

Autonomic Logistics Provides Order Of Magnitude O&S Savings

PowerDOCS #76422 DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited. 13



Autonomic Logistics System
Technical Solution

INTEGRATED SUPPORT

- Design Data — Direct to — =
Support Information TECHNOLOGICALLY-

- Failure Prediction — Rl ENABLED
Remove Unit Before Failure T MAINTAINER FLIGHT OPERATIONS

- Integration for Optimal

Mission Performance
- High Sortie Generation Rate

AUTONOMIC - Low Logistics Footprint
LOGISTICS
INFORMATION
SYSTEM

j%- — Joint Aircrew &

= Maintainer Training
INTELLIGENT AIR VEHICLE et
- Prognostics & Health Management INTEGRATED TRAINING
- Design for Supportability - Common, Joint Pilot/Maintainer
- High Reliability & Maintainability Training

- Modular, Flexible Training
- Embedded Training

Integrated JSF AL System:
Affordable, Supportable, Survivable, & Lethal
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Capabilities + Performance

Relative Evolution of Mechanical Diagnostic
and PHM Capabilities for Navy Aircraft _.£«

JSF
O = H-53
ke COSSI IMD
2 «. ﬁ/ W‘ ] i
| F/A-18E/F
A7 , SR
F-14 C/D
F-8
] | | I
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HAVAL IO SYSTEIVI

[ W' ,\|\/[ A-T7E Crusader- Engine Monitoring
s System (EMS)

ACCOMPLISHMENTS

- *Reduced accident rate due to engine failure 90%
*Reduced Maintenance Man-hour/Flight hour rate
66%

*Overall accident rate reduced 66%

*Saved many airplanes just from vibration and
VIGYV malfunctions alone

+Still the best operational EMS ever produced
*Monitored all aspects of engine - including
ignition and generators/starter

*Ground Station had many helpful hints to

Assist
CAPABILITIES Maintenance
*Constantly Monitored Parameters
*Detect all engine anomalies
*Superior Ground Station Software WEAKNESSES
*Assisted Maintenance in , .
troubleshooting *Recorded LUI’s, but program never put into place

to take advantage of them

*Two Vibration Transducers «Old technology

*Fore and aft to cover entire engine

*Developed by Engineers on Carriers
*More knowledgeable than engineers
with no post-flight maintenance
experience




Capabilities + Performance

Relative Evolution of Mechanical Diagnostic
and PHM Capabilities for Navy Aircraft _.£«

JSF
O = H-53
ke COSSI IMD
2 «. ﬁ/ W‘ ] i
| F/A-18E/F
A7 , SR
F-14 C/D
F-8
] | | I
1 970 | D|STR|BT@8@A+EMENT A. Approved for public release; distribution is un]n'990 ! 20(”



Legacy Health Monitoring

* Fighters have traditionally stressed diagnostic and
usage monitoring with minimal health mangement-
some engine health, and BIT on avionics

e Structural Usage is often monitored by Strain gauges/
Gmeters - unreliable and incomplete picture

 BIT is inaccurate and has very high false alarm rates

* Operational Exceedance monitoring is rudimentary
without maximizing the benefits




Shift in Condition Monitoring Paradigm

Old Way New Way




Current Logistics Structure

Ability to Predict Future Health Status Max Life

Ability to Anticipate Problems and Req’d Maint Actions

Hi .
I;ftlze?vaﬂabﬂityQ“ick Small Logistics Footprint No RTok B::e ;rmaHCe
FD/Fy o Aroud I _ Mal'nt
Efficiency " yime
Accurate Parts and Life
Low # No False Alarms Usage Tracking
of Spares

Maintenance ' ; = (e ') |y
Met 1 - 5 & SESESS Configuration
No Surprises . = reiing
Opportunistic | ‘ v :
: Maintenance < faa V) N
Aission Short and Responsive No/Limited No/Min
planning Supply Pipeline Secondary Damage  Inspections
. a
Limit py, Too Large & Costly perfor™
of Quy lity CPact geeﬁ“’ ack
Problemzntrol Immediate Access to all Available Information
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Manned Space Application Logistics Structure
from a Needs Perspective

Ability to Predict Future Health Status Max i
Usag®

Ability to Anticipate Problems & Req’d Maint Actions

High Availability . Small Logistics Footprint N, Min IIIsPectI.
Better Q“\ck . 0 CNp Ong
FD/Fy Turn AT

Efficiency o

Accurate Parts & Life
Low # No False Alarms Usage Tracking
of SP® e R

Maintenance

Mgt Configuration
Tracking
Opportunistic o NI
Maintenance b B e
Aission Fault Accommodation and No/Limited Enhanced
plannin®  System Reconfiguration Secondary Damage G fety of Flight

- S\Jsteﬁ\
W gl oo Costly & Too Risky et
ality Contrgj Fee

Toblemg Immediate Access to all Available Information



Approved for Public Release

Key Elements of JSF Autonomic Logistics

S

Autonomic Logistics

-~ Logistics Infrastructure
Affordable, Survivable, Maintainable, Supportable
Operationally Available and Lethal
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Prognostics and Health Management

 Why Did We Choose This Technology?

— Enable Autonomic Logistics

— Enhance Flight Safety
* Single Engine Aircraft, Must Have Dual Engine Reliability

— Increase Sortie Generation Rate

— Eliminate False Alarms

— Eliminate CND’s and RTOK’s

— Reduce Life Cycle Costs

— Maximize PHM Benefit from Limited Specialized Sensors

— Take Max Advantage of the “Smart” Digital Aircraft

DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.



Prognostics and Health Management

What 1s 1t?

—the process of determining
the state of a component to perform its function(s),
high degree of fault detection and fault isolation
capability with very low false alarm rate

— actual material condition assessment
which includes predicting and determining the useful
life and performance life remaining of components
by modeling fault progression

— is the capability to make
intelligent, informed, appropriate decisions about
maintenance and logistics actions based on
diagnostics/prognostics information, available
resources and operational demand.

DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.



GOALS OF PHM

Enhance Mission Reliability & Aircraft Safety
— Single engine aircraft must have dual engine reliability

Reduce Maintenance Manpower, Spares, & Repair Costs
Maximize Lead Time For Maintenance & Parts Procurement

Eliminate Scheduled Inspections and Enable CBM:
— Opportunistic maintenance reduces A/C down time

Provide Real Time Notification & Health Reporting
— Only tells pilot what NEEDS to be known immediately
— Downlink info & “answers” inflight
— Informs maintenance & autolog of the rest

Aids in Decision Making & Resource Management

Reduce Life Cycle Costs

Eliminate CNDs & RTOKSs

Detect Incipient Faults & Monitor Until Just Prior to Failure
Catch Potentially Catastrophic Failures Before They Occur
Maximize PHM Benefit from Limited Specialized Sensors
Take Max Advantage of the “Smart™ Digital Aircraft
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PHM Constituent Functions and Processes

* Fault Detection

* Fault Isolation

« Advanced Diagnostics

* Predictive Prognostics

« Useful Life Remaining Predictions

« Component Life Tracking

« Performance Degradation Trending

« False Alarm Mitigation

«  Warranty Guarantee Tracking — Data Enabling New Business Practices

« Selective Fault Reporting
— Only tells pilot what NEEDS to be known immediately
— Informs Maintenance of the rest

« Aids in Decision Making & Resource Management
« Fault Accommodation and Possible Reconfiguration
* Information Fusion and Reasoners

* Information Management
— Right info to right people at right time



System Overview

« JSF Prognostics and Health Management (PHM) Includes:

Built in Test (BIT)
« Power-On Self-test (POST)
« Continuous Self Test (CST)
* Initiated BIT (IBIT)
Prognostics

» Application of Technologies That Permit the Advance Noaotification of
Impending Failure and Condition Based Maintenance

Enhanced Diagnostics (beyond legacy FD/FI)
Life Usage Tracking

False Alarm Mitigation

Health Assessment & Management

 PHM Is Divided into:

Subsystem PHM (Supplier)
Subsystem Applications / Integrity Managers (Product Teams)
System Level PHM (PHM Team)



DETECTION, ISOLATION &
PROGNOSIS

Detection
Through sensors, Models etc

Isolation
Information fusion from sensors, Models etc.

Tracking/Trending
Processed PHM data
(Off board PHM)

Prediction/Prognosis
Based on tracking/trending, & lifing models

Detect S !
ARTIHITE S« plate-able

A
L

-

-
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JSF CDP AVPHM/ALIS Demos Provided
Substantiation of Weapon System PHM

‘ * Operational Loads M°"'t°"r~9 @ « FOD Detection/Classification

* Overload Analysis /; 2 » System Correlation/Confirmation
- Force Management | - Shaft Misalignment Detection
* Elimination of Unnece%éary Inspectlons - Lift Fan Safe Operation

* Improved FD/FI  Usage Tracking / Lifé Pro;ectlon SR :
* Condition Based Maint.
FD/Fl wio Add'l Sensors | _+'Elimination of Unnecessary

* Failure Impact Assessment , , 1
2l

* Optimization of Supply
Chain Management -

Propulsion

- Improved FD/FI — o PR 1o e
* Fault Confirmation L e— '
 Post-Flight Data Analysis o

« Manufacturer Feedback Ml@l@ﬂlé? [

« Reduction of OEM Ukilities & G
Trouble-Shooting Time Subsysiems \1\ R ALl 8
« CND/RTOK Elimination S Off-Senrd
. « FD/FI and Confirmation \lln: . Priyl

* Failure Impact Assessment e
* In-flight Mission Replanning @ » Assist Maintainer in Difficult Failure
« Autonomic Triggering of AL Analysis
* Prognostics * Resolution Sharing for Fleet
» Cooperative Operations * Rapid/Effective Interface to Engineering,

* Knowledge Discovery
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Examples of Some Advanced Sensors and Non-Traditional Detection Techniques

Chip

Detector L
Advanced

R‘ Vibration

=
Piezoceramic Patch
Crack Detection (PZT)

Acoustic FOD
Detector (AFD)

Beacon-Based Exception
Analysis for Maintenance Robust LASER :
Blade Vibration ~ (BEAM) JpL ‘ Inferometer (RLI)

Meter (BVM8X) EpOCh Englneel’lng (Accessory Gearbox)
MEMS Sensors

Hood Technology

Communications
Diagnostic Processo

Oil Flgw

v

Electrostatic Bearing
Monitor (EBM)

General Purpose Prof¢ssing

Signal

Power Interface/Gengtation

Smith Sensing
Seif Stress Wave
Electrostatic Oil calibration/Active Analysis (SWAN)
Debris Monitor (EODM) Cancellation DME
ExperTech/SHL ICHM
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PHM Is the Air Vehicle Enabler of the
Autonomic Logistics Structure

; in .

: Aircraft ! S — Simulated World
: Available| - Just-in-Time ., £
I S Training | [/ 00 0]
| o 3o R *

|

Audio

¢ Graphical
Haptic

Reduced Log Footprint
High SGR

[ Maintenance Rehearsal ]

\Y
\
\
\

Aircraft Turn-round &
Ly AR [ —— Repail - — ) e e e e e e = - —

Supply of AOG item/ J \L
; . Integrated
lRepIenlshment of Ship Stock Return of Supply/
Defective ltem Engineering

Lessons Learned/ Info
Failure Rates systems

Automated Logistics 7
______________ Update = 7/
AutomaticIT | =TT EHHEBEEHEH |- ‘/

[

Wholesale == OO0 | BEE| 0
Stockpoint Govt/Industry/Depot Activities
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Approved for Public Release

PHM ArChitQCture Reasoner Approach Benefits:

*Enables Use of Few Specialized
Sensors

*Enhance Capability to Use Existing
N-Area Reasoners Data & Parameters

> *Greatly Reduces False Alarm Rate
* Enables Detection and Fault
Minimum Interaction Across Sub-systems
Number of >
Specialized
______ Sensors |
Feed Data for AIR
""""" Correlation and
Existing | » i VEHICLE
Aircraft —3- REASONER
Parameters
*
. Advanced | »
. Algorithms |




PHM Architecture and Enabling
Technologies

Air Vehicle On-Board Health Management, Autonomic Logistics
Health Assessment Reporting & Recording & Off-Board PHM
ICAWS Flight Critical Crash ) Results In:
NVM' Recorder Displays & Controls — _
Mangger Provides: * Decision Support
Hosted in VMC PVI + Troubleshooting and Repair
: f\tl-:_lgveltlrlgo Management il « Condition-Based Maintenance
PHM Area * Intefligen o eri bmmmy)  fpenm: « Efficient Logistics
Managers * Prognostics/Trends Mission Critical — J
* Auto. Logistics
Propulsion Enabling/lnterface E:t“: PMD
!
Vs |
|
FCS/Utility AVPHM In-Flight & -
Subsystems . Maintenance Data Lin
Hosted in ICP
n——-—=—=-=-=-=- -
|
Structures : - Automated Pilot / Main.
I Debrief I
 Off-Board PrognosticsI
PMA . Intelligent Help I
Methods Used: 1| Environment I
. i I | - Store / Distribute PHM
. Sensor Fusion Maintenance Inerface anel || Information I
Mission * Model-Based Reasoning . | I
Systems + Tailored Algorithms PHM / Service Info | |
| « Systems Specific I >
MS Subsys Logic / Rules , I 1
. MAINTAINER
 Feature Extraction IETM Database
VEHICLE INTERFACE Consumables I !
On-Board Diagnostics | R . |
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VS/MS PHM .«
SEIT \
- Optimal
Diagnostic
| BIT
Capabilities
for

Subsystem
IPT’s

*|PT’s / supplier teams
achieve the best and
most cost effective
coverage

» Pertinent data acquisition
at sensor, component
and sub-system levels.

» Requirements, top level
design, use cases,

__verification.

VS/MS/AF ,
PHM Area = (.
Managers
(products) '

System models,
Corroboration,
Correlation, and
Information fusion

Collect data,
Compute life usage
Predict time to failure

Off-board ey
PHM (product) | A E‘_

Apf

Air Vehicle
PHM
(product)

Report Remaining
Functionality

* Information broker for on-
and off-board users

* High-level service
requirements for data
reduction, file
management
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SUPPORTABILITY

Improved Reliability
- Liquid-Cooled Avionics
Backplanes/Convection Cooled
Components

- More-Electric Secondary Power

- Durable Seals & Coatings

- Requirements Allocated ]

Bottom View With
Doors & Access
Panels Open/Removed

to Suppliers

Self-Suff|C|ency
- Non-Pyro Weapons Release
- On-Board Ground
Power/Cooling ,
- On-Board Maintenance Panel :
- Integrated Combat Turnaround
Without Aircraft Support
Equipment

Improved Maintainability

- Quick-Access Doors/Panels
- Ground-Level Maintenance
- 1-Tier Weapons Bay Equipment Access
- Conduction-Cooled Modules
(Liquid in Rack Only)
- Tail-Over-Water Servicing/Wpns Loading

Integrated PHM
- Architecture Demonstrated

- Equipment Functionality
Defined — Requirements
Allocated to Suppliers

- Reliance on Symptom
Correlation vice sensors

DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.
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PHM APPROACH INCLUDES

A
ELEMENTS OF ENTIRE SYSTEM e
Subsystem Level — System Level Failure Management,

Prognostics & Health Management Reporting & Recording

] o e Cautions, Advisories,
Propulsion Mission Systems "} Warnings

& 2y ¢ Mission Critical Systems
Status

Pilot Vehicle Interfaces

Air Vehicle Manager

i
‘ Maintainer Vehicle Interfaces

|

Portable
Maintenance
7 Device
‘ = * Single-Point Un/Download * Tech Information
Structures _Upsystems Distributed Information System (DIS)

» Sortie Generation * Operations & Maintenance
* Design Feedback

DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.



4

Training Center

Training Infrastructure
stem

» Training Mgt System
* Training Sup. Center

* Pilot & Maintainer
Training

» Simulators

* Training Aids

* Electronic Instruction

A

Technology
Enabling the

Maintainer

ALIS [

Maintainers

Air System P —

Management

LM Aero, & JSFPO
Partners & Suppliers

Local O\ff-Board

On-Site

Maintenance

PHM Analysis

v

e

Legacy Data
Systems

Repair Support

* Product Engineering |<g=p>

* Product Repair

* Material Management
LM Aero, Partners,

Suppliers & Depots

3

Customer Support
Services

» Support System Mgt.

* Supply Chain Mgt.

 Sustaining Engineering

* Help Desk

* Maintenance Data

» Configuration Mgt.

* Technology
Refreshment

Y

2

=== |nformation Infrastructure (ALIS
Autonomic Logistics Provides Faster Repair with Fewer People

mmsm  Maintenance & Training Flow

Resulting in Increased Air Vehicle Availability at a Lower Cost
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AUTONOMIC LOGISTICS
INFORMATION SYSTEM (ALIS) e

Architecture Provides the ... And Autonomically Converts
Framework for Data Integration . .. Data Into Decision Enabling Information . ..

Theater Level

... Resulting in Enhanced
Mission Execution

Commander’s

Immediate Air Asset Allocation
Hourly ATO Update
I'| and Redirection

Supply Chain Management
Wing Level

Mission Support Requirements s
Operational Awareness

ining S Operations Support )
i Ry - -4 Ability to Reallocate
ALI Mission Tasking by

Technical Data Aircraft

YSSSd4

] S d External System
Interf:
Database —

Squadron Level

Maintenance and Support Requirements
Resource Allocation

Customer
Support Services

Maximizes Efficient
| Allocation of Support
Resources

JDIS Administration

JE22177

Provides Timely, Total Logistics Support
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Oft-Board PHM Overview

* Downlink Health Data

* Assess and Report Aircraft Health

* Uplink Combat Turn
Requirements

Aircraft Support

* Maintainer Vehicle Interface

* Augment Aircraft Diagnostics

* Component Performance Tracking
* Support PHM Maturation

* Report Maint History for
* Clear ; _ Maturation and Sustainment
Faults * Display Repair * Report Usage of Parts/Aircraft

* Execute Task Ot : * Distribute Algorithm Updates
Test » Execute Diagnostic

System Control Xy

* Upload Algorithm
Ugdates . jTP"
Maintenance i

Interface Portable Mamtenance

Fleet Support

* Intelligent Help Desk
¢ Distribute PHM Information

» Support Knowledge
Discovery
* Support PHM Maturation

Supplier

Panel Aid Contractor

DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.
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Example Propulsion PHM Elements....Sensors

Sensors are part of the solution
All Sensors are PHM Sensors
...Some also used for control

* Many Signals
— Most are for Control
— Some PHM Exclusive,

~ PHM
\ Eg(clusive

PHM

v

(V DAav4 vIV)
Jouonipuo)) [eusIS WHJ

o | | =
mmmmm m 4

@ > E

PHM|@ ==

4 > _

2 —> «— > =

~~~~~ : 20
LIFT = o g = ENGINE
SYSTEM = ° = §' SYSTEM

(@)

-




PHM BIRDS EYE VIEW

Reqts/Design IM

______________ g
DESIGN INFRASTRUCTURE, USERs :
|
|
|
|
|
: MP KPPs
I Training *LFP
AV AM FI — Balance Life Mgt I Sust Engr *SGR
VS LRC&AM | Troubleshoot AMC ! SCM
MS LRC&AM Mx Opt Business App ACQ ;
AF (SPHM) Trouble Shoot I O&S Modeling STRATEGY 5
Intl Help | SEM sImplement :
- FRACAS* I Maturation *CBM
I OFP Loading *PBL
| Int & Test *Global Sust
| Life Mgt *LRIP
CPSW, DMC. ICP, Networks Software,
Supplier Design
ASIF, MS1V, VSIL, AL
Propulsion
Needs Reqt’s Design Integration Capabilities/Info Products V&V AL Implementation/Execution Benefits

>



Approved for Public Release

PHM Redefines Design Criteria

 Old

— Safety and Supportability are a Function of Reliability,
Redundancy, and the Support Concept ~ Ensures

e New

— Safety and Supportability are a Function of Reliability,
Redundancy, PHM Capabilities, and the New Support
Concept ~ Drives

« PHM Capabilities can be used as Design Attributes to
Support Trade Studies

PHM and Autonomic Logistics Allow

Paradigm Shifts in the System Design Process



Ever Increasing Computer Power Accurate Time to Failure

Predictions
- .
\ = Autonomic
) é Logistics
Model Based
Techniques
CBM
Ianorn}ation | Useful Life
usion . .
Remaining
No False
Alarms

Advanced Sensors

Prognostics - Dream or Reality?



Failure Progression Timeline

Need: To Manage

s Interaction between ° .
Prognostics o Diagnostics
L Prognostics
Very early incipient System, Component, or Sub-  Secondary Damage,

fault Component Failure Catastrophic Failure
Proper Need: .Understandin.g of fault to
Working failure progre§s1f)n rate
Order - New characteristics

|
=5 > >
N N
[ v’ [ [ .v
Predicted useful life remaining Determine effects on

rest of aircraft

Develop: Useful life
remaining prediction

Desire: Advanced Sensors models — physics and Need: Better models to
and Detection Techniques statistical based determine failure effects
to “see” incipient fault across subsystems

The Goal is To Detect “State Changes” as Far to the Left As Possible

DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.



Prognostic Perspectives &
Questions

Prognostic Horizon Level Targets
How Far Do You Want to See Into the Future?

Prognostics: What’s Your Perspective?

®© Detect Bus Just Before it Hits You,

Needs and Benefits
Capabilities: Available and Desired
Technology “Holes” to be Filled

Philosophy and Strategy Predictive
Integration and Implementation
Questions:

— Is It Possible?

— How are you going to use It?

— What’s Good Enough?

Predictive
Obstruction

Choose One

or

© Detect Bus Far Enough in Advance
to Take The “Right” Evasive Action



Health Trend Pl i Changed
. C(l)ln ition { Relative to
: anged’
Usetul Life ; T

Actions ? Y Increase
- T*—"_ Maintainer? — urveillance.?
OO o OO
= H




Diagnostic & Prognostic Toolkit

Knowledge of Failures

Slmpac; of Multiple Indicators and
econda ]
Damagery & rule-based systems Analysis

4

Information

Accurate Sensors X =
N = Fusion
MEMS \ ‘
Model Based Determination of LRU

Techniques Perfgrr:lance Health At Any Point in Time
ata

AN

&

fuzzy logic \

Q Neural Networks
( \ " Accurate Algorithms

Understanding O
) Physics of Failures
Techniques for Y

Data Scatter and casual networks
False Alarms Reasoners

DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.



HAVAL AVIATION SYSTEV

ies

t

ivi

Act

Notional
Roadmap to Predictive Prognostics

Condition Based Performance

Understanding Fault to . Real-Time Operational
CBM Failure Progression =/ . Updates-Feedback
Technologies N Autonomic
Logistics
State Awareness Testing/Validation
Techniques Self-Heali
Seeded Fault Testing cil-tiealing
Incipient Fault Engine & Spin Pit Tests ‘\\ Technologies
Detection Techniques A/C Structural Life Tests \
\\\ Fault
Model/Integration * Accommodation
Anomaly Detection Validation
Reasoners

Understanding the

: : Physics of Failures
Physics-Based

Data-Driven Models
Advanced Models
Diagnostics

Basic Material
Science

Data/Info Fusion Accurate Remaining Probabilistic

Useful Life Predictions Based Models
Advanced .
Sensors Life Usage and

. Advanced NDE
Damage Algorithms

Capabilities
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Category Definitions %k

Category 1 — Defined physics of failure with historical basis
— Algorithm will be mature at implementation

— Maintenance threshold will be set and require only
verification

Category 2 — Defined physics of failure without historical basis
— Algorithm will be mature at implementation

— Maintenance threshold will require maturation
through analysis or field failures

Category 3 — Suspected relationship without historical basis or
technology

— Data will be gathered with the purpose of establishing
an algorithm

— Maintenance threshold will require maturation
Category 4 - Perceived value without known technology

— General aircraft data will be gathered and applied to
algorithm as need is determined

JSF05-2605
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Prognostics Maturation Strategy

Use E&MD Data to V&YV
Models

Use Condition Based

ID Components and Sub Performance Predictions

Elements Suitable for Prog. Modify Algorithms to Account 4
for Real World Considerations -

ID Technologies to Use - it |
Eliminate Those that Are not &e“‘\ .,“L
Technically or Economically Sﬂ S Tntelli eIt Air

Feasible .0%0 v % :
\ ehicle
Test Confiquration s - - PHM

REASONER

Jois \.\

Develop State Awareness

. . . Combine All
Svstem I tisat Techniques
ystem Investigation Aspects into Air
Perform Seeded Fault Tests Vehicle

Understand “Physics of Failure”



NAYAL AYIATION SYSTRIVI

[ I ,\| /[ Notional strategy to demo
> predictive prognostics on helo drivetrain

Identify and Target Components and Sub-elements suitable for

Prognostics
*Those with understandable fault to failure progression characteristics
*Eliminate those impossible or too hard to consider

*Develop and/or Obtain advanced models
*Fault to failure progression characteristics
*Useful life remaining

*Perform experimental seeded fault tests
*As many as affordable
*Try to understand the physics of the failure

*Verify and validate models
*Using seeded fault and blind test data

*Modify useful life remaining prediction model to account for real

world considerations
*Mission Profiles



PHM Diagnostic Needs

More “Two-for” and “Three-for” Sensors
Methods for Leak Detection

Better Corrosion Detection

More Data Fusion Methods

More Analysis of Failure Effects on Other Sub-systems
and Components

Better Understanding of Maintainer Time Breakdown
— Gives Better Estimates of LCC Models



Prognostics: What We Are Missing

Better Understanding of Physics of Failure

Condition Based Performance Predictions

Better State Awareness Techniques

Better Understanding of Incipient Crack Growth

Better Understanding of Fault/Failure Progression Rates

Better Understanding of Material Properties Under Different
Loading Conditions

Better Data Fusion Methods

Cost Benefit Models to Determine Practicality of Prognostics
— Risk vs. Reward

Better Knowledge of Effects of Failures Across the Air Vehicle
Study to Determine What Components to Perform Prognostics On



Notional

Predictive Prognostics - Integration Tasks

Testing / Validation

=

State Awareness

Signal Incipient Fault

=

=

. Sensors
Analysis Detection
Advanced Operating Environment -
Diagnostics Anomaly Detection NDE 9
wid
¥ 2
Reasoners 3
Models =
Al Models & 0.
Physics-Based ». ‘
Models Data-Driven Models Data/. Info _2\
Fusion —
Accurate Remaining Probabilistic 0
Useful Life Predictions Based Models (4v]
Q.
m
o
Material-Level
Manufacturing Defects
Processes S-N Data Crack Growth .
Distributions Data Specific Subsystem &

Component Design Aspects

and Considerations




Lessons Learned

Performance Based Specs “are Not Ideal” for PHM
— If you Know What you Works and you want, Specify it
— If you Know What doesn’t Work, write a Spec Req’t so you don’t get it

* The big Prime Contractors want to be System Integrators but don’t
Necessarily have the “niche” Technologies and Expertise to
Provide Fully Capable, State-of-the-Art PHM Capabilities

— If a technology or capability isn’t Mature and COTS, they don’t want it

— Keeping Management Commitment among Design/Cost Pressures
through the course of the Development Program is very Challenging

*  Much of the New and Innovative PHM Technologies and
Capabilities are Reside in the Small Business arena

* Look for Feeder Technologies for New PHM Capabilities in other
Related and Non-Related Disciplines and Industries
— e.g., much of the Advanced Vibration Diagnostics used in Gearbox

Monitoring came out of the signal processing and data analysis
techniques found in ASW



Lessons Learned

«  PHM is a Multi-Disciplined, Multi-Functional, Multi-Technology,
Multi-Faceted Endeavor

— Understand this and Plan to Deal with it

« On-Board and Off-Board PHM Capabilities Need to be Designed
and Developed at the Same Time, Together, and Integrated by the
Same Prime Contractor

* On-Board and Off-Board PHM Algorithms Need to be the
Responsibility of the On-Board, Air Vehicle, Subsystem Specific
Engineering Design Teams

— This includes Development, Validation, and Verification

* Mission System and Avionics Infrastructure Issues can
Significantly Limit PHM System Development and Maturation

— Dependence on their Hardware, Through put, Processing, Storage,
Software, etc. to Implement our Capabilities

— They are always a Problem and always let you down



Lessons Learned

PHM as a Robust Data Acquisition System will Surprise you as it
aids in Addressing TBD Problems that it wasn’t Designed to
Address

More Data is Better. Learn to Handle it and Manage it.
— Even with a Fully Automatic PHM, Pilot Recording is Useful

PHM, R+M, System Integrity, and Safety Disciplines are Married at
the Hip

Autonomic Logistics or its equivalent is PHM’s main Customer,
but they Easily Fall Back on Legacy Supportability Approaches.
Their Effectuation is Extremely Important but Difficult

PHM Must be Part of the Overall System Design Process and its
many Trade Studies



Lessons Learned

* Prognostics Capabilities are mostly Hard to Develop, take Time to Mature,
but are Doable in Many but Not all Cases

— ldentify Cases that are Not Doable and don’t Worry about them
— Focus limited Resources on Doable and High Value Components

* Need Good Diagnostics before Doing Prognostics
— Having Diagnostic it follows you will attempt to develop Prognostics

- Simple System Performance Degradation can be very Useful
— Use on “low hanging fruit” where Trends can be easily Understood

— Where Physics of Failure Models Not Available or Root Causes are
Random

— Without or before Accurate Useful Life Remaining Predictions

- Significant Data, Experience, and Maturation Time is Req’d to Develop
Prognostics and Accurate Life Remaining Predictions

— Plan for this with Resources, Maturation Strategy, Mgt Commitment



Lessons Learned

Prognostics with Accurate Useful Life Remaining Predictions
— Needs Multiple Types of Integrated Models
— Physics of Failure Knowledge
— Sensor based, Accumulated Usage, Fault Propagation, Statistical, etc.

Successful Develop of Global Prognostic Models Requires Multi-Discipline
Team, Specialists, and Experts
— Material Science, State Awareness Sensor, Diagnostics Experts

— Several Types of Modeling, Data Fusion, Probabilistic, Specific Component Design
Specialists, etc.

— Legacy Efforts often short on Material Science Expertise

Subsystem Expertise and Knowledge of Failure Critical
— It all Starts with the Subsystem Suppliers
— Seeded Fault Tests Invaluable but Very Expensive — plan Wisely
— Leverage off “Piggyback” Testing and Test Opportunities

Unlikely a Single Platform can Afford all the Resources Req’d
— Smart Strategy to Share Development Costs Across

— Aggressively Use “Outside” S + T Efforts and Opportunities

Justify Benefits and Prepare for Funding Challenges



The Question is:
Why Not PHM and CBM?

People resist change. e

Protect rice bowls Limited vision.

Problem is not in the capabilities, technologies and expected
benefits; but in having the wrong people in the right positions,
making the wrong demsmns

DISTRIBUTION STAT EMENTFAZAPproved-for pubhc istrbtio



Summary

« PHM Is the Key Enable for the Auto Log Concept and the
Implementation of CBM
* Technology is Now NOT the Limiting Factor
— And It will Only Improve With Time
* All Elements Are Coming Together To Enable Our Visions

of Advanced Diagnostics, Real Prognostics and Health
Management, Auto Log, and CBM

 Must Implement and Apply Smartly and Wisely to
Maximize Affordability Benefits

« PHM and CBM Must Be a Critical Element in all System
Design Trades to Achieve Envisioned Reduction in Total
Ownership Cost

Successful PHM Implementation Is Achievable and Critical to
JSF Program Goals

DISTRIBUTI ON STATEMENT A . Approved for public release; distribution is unlimited.



